Regulation of protein kinase C in the parathyroid gland was investigated by testing the effects of phorbol ester, exogenous phospholipase C, and low and high calcium concentrations on enzyme activity. Treatment of bovine parathyroid cells with phorbol ester, which activates protein kinase C directly, and with phospholipase C, which produces diacylglycerol, an activator of protein kinase C, significantly stimulated protein kinase C activity. Both agents also enhanced the release of parathyroid hormone. Acute exposure of bovine parathyroid cells to low extracellular calcium (0.5 mM) caused a 5-to 6-fold increase in protein kinase C activity associated with the particulate fraction. In contrast, high extracellular calcium (1.75 mM and 2.5 mM) markedly decreased membrane protein kinase C activity. These data suggest that the effects of extraceilular calcium on parathyroid hormone secretion are due, at least in part, to regulation of protein kinase C activity in the parathyroid-cell membrane.
ABSTRACT
Regulation of protein kinase C in the parathyroid gland was investigated by testing the effects of phorbol ester, exogenous phospholipase C, and low and high calcium concentrations on enzyme activity. Treatment of bovine parathyroid cells with phorbol ester, which activates protein kinase C directly, and with phospholipase C, which produces diacylglycerol, an activator of protein kinase C, significantly stimulated protein kinase C activity. Both agents also enhanced the release of parathyroid hormone. Acute exposure of bovine parathyroid cells to low extracellular calcium (0.5 mM) caused a 5-to 6-fold increase in protein kinase C activity associated with the particulate fraction. In contrast, high extracellular calcium (1.75 mM and 2.5 mM) markedly decreased membrane protein kinase C activity. These data suggest that the effects of extraceilular calcium on parathyroid hormone secretion are due, at least in part, to regulation of protein kinase C activity in the parathyroid-cell membrane.
Physiologic control of parathyroid hormone (PTH) secretion is regulated by changes in extracellular calcium, with low concentrations of calcium stimulating and high concentrations of calcium inhibiting hormone release (1) (2) (3) (4) . How extracellular changes in calcium levels are recognized by the parathyroid cell and what transduces signal recognition into intracellular processes controlling exocytosis and PTH secretion are as yet uncertain.
Recent studies suggest that protein kinase C, which is activated by calcium, phospholipid, and diacylglycerol, plays an important role in exocytosis (5) . Therefore, we examined the role of protein kinase C in regulation by extracellular calcium of PTH secretion by testing the effects of phorbol ester, exogenous phospholipase C (PLC), and low and high calcium concentrations on protein kinase C activity in isolated bovine parathyroid cells.
This Dispersed parathyroid cells were prepared by collagenase digestion of minced glands (6) . After purification on Percoll gradients, the cells (which equilibrated within a buoyant density of 1.048-1.062) were aspirated, washed, and resuspended in basal Eagle's medium (BME). Protein kinase C activity was measured by a modification of the method of Kikkawa et al. (7) . After cells were lysed and sonicated with 3 ml of buffer A (20 mM Tris HCI, pH 7.5, containing 0.25 M sucrose, 10 mM EGTA, and 2 mM EDTA), cytosolic and particulate membrane fractions were prepared by centrifugation at 100,000 x g for 60 min. The centrifuged membrane pellet was homogenized with a glass rod in 1% Nonidet P-40 buffer A. Crude extracts from the membrane and cytosolic fractions were applied to a 1-ml DE-52 column equilibrated with buffer B (20 mM Tris-HCI, pH 7.5, containing 50 mM 2-mercaptoethanol, 5 mM EGTA, and 2 mM EDTA). Columns were washed with 15 ml of buffer B, 15 ml of buffer C (20 mM Tris-HCI, pH 7.5, containing 50 mM 2-mercaptoethanol, 1 mM EGTA, and 1 mM EDTA), and 0.5 ml of buffer C containing 0.1 M NaCl. An additional 1.5 ml of 0.1 M NaCl/buffer C eluate was then collected. Separate aliquots For studies of hormone release, isolated bovine parathyroid cells (10 cells per ml) were incubated for 30 min at 370C in basal Eagle's medium containing bovine serum albumin at 0.2 mg/ml, 1.25 mM calcium, and the stimulating agent to be tested. Hormone released into the medium was measured by RIA as described (6) .
RESULTS
Effects of PMA on Protein Kinase C Activity and PTH Release. Protein kinase C was measured over short time periods in both particulate and cytosolic fractions of parathyroid cells that were untreated or treated with PMA at normal calcium concentration (1.25 mM) (Fig. 1A) . PMA (100 nM) caused an almost 2-fold stimulation of protein kinase C activity in parathyroid particulate fractions. The effect of phorbol ester was detectable as early as 1 min and became maximal at -=3 min. Corresponding to the rapid increase in protein kinase C membrane activity was a precipitous decrease This rapid change in protein kinase C activity was also associated with increased release of PTH caused by PMA, which was significant at 5 and 30 min (see Table 1 ) (8, 9) .
Effects of PLC on Protein Kinase C Activity and PTH Release. We next tested the effects of exogenous bacterial PLC (C. perfringens) on protein kinase C activity (Fig. 1B) . PLC at 0.5 unit/ml caused a 5-fold stimulation of protein kinase C activity in parathyroid cell membranes. Effects of PLC were detectable at 1 min and maximal at -3 min. Corresponding to the rapid increase in protein kinase C membrane activity was a precipitous decrease in protein kinase C cytosolic activity to very low levels. Fig. 1B shows Table 1 ). Effects of Extracellular Calcium on Protein Kinase C Activity. The effects of extracellular calcium on protein kinase C activity at low calcium (0.5 mM) and high calcium (2.5 mM) concentrations were tested over short time periods. Fig. 2A shows the effects of low extracellular calcium on protein kinase C activity. Acute exposure of parathyroid cells to 0.5 mM calcium increased dramatically the protein kinase C activity associated with the particulate fraction (5-to 6-fold); the effects of low calcium were detectable as early as 1 min and were maximal at -3 min. In the same experiment, exposure to low calcium resulted in a transient increase (2-fold) followed by a decrease in cytosolic protein kinase C activity. Fig. 2B shows the effects of high extracellular calcium on protein kinase C activity. Increasing calcium concentration to 2.5 mM caused a 20-fold inhibition (95%) of protein kinase C activity, which was associated with the particulate fraction within 2 min, and this activity returned to 25% of control within 3 min. Exposure to high calcium resulted in a transient increase in cytosolic protein kinase C activity followed by a decrease to the basal value. Exposure of cells to 1.75 mM calcium also significantly decreased membrane protein kinase C activity-to 42% of control within 1 min, and this activity returned to 67% of control within 3 min (Fig. 3) . Thus, the spectrum of calcium change from 0.5 mM to 2.5 mM was associated with a 100-to 120-fold difference in protein kinase C activity; changes in cytosolic protein kinase C activity were much smaller. The above calcium experiments each were done three or four times with similar results, and Figs. 2 and 3 represent typical experiments. DISCUSSION Protein kinase C is a key regulating factor in a wide variety of physiological systems (9) (10) (11) (12) . In the parathyroid cell, as well as in several other secretory cells, the phorbol ester PMA stimulates hormonal release (13) . We showed in the current studies that treatment of parathyroid cells with PMA (a phorbol ester that activates protein kinase C directly) (14) and with PLC [which promotes phospholipid hydrolysis and produces diacylglycerol, an activator ofprotein kinase C, and inositol triphosphate (15) (16) (17) ] had similar effects on protein kinase C activity in bovine parathyroid cell membranes. Both agents caused a rapid increase in enzyme activity in the membrane with a corresponding decrease in cytosolic activity. Peak enzyme activity at 2-3 min was associated with marked stimulation of subsequent PTH release. (20 x 106 cells/ml) were exposed to low calcium (0.5 mM) (A) or high calcium (2.5 mM) (B) levels for 3 min at 37°C. Cells were fractionated, and the particulate and cytosolic fractions were assayed for protein kinase C. o, Particulate fraction; *, cytosolic fraction. Each point represents the mean value of quadruplicate samples for protein kinase C activity.
Although the kinetics of PMA and PLC stimulation of protein kinase C activity were comparable, timing of release of PTH by the two agents was not. PMA rapidly increased PTH release, which was significant at both 5 min and 30 min. PLC did not significantly effect PTH release at 5 min, but PTH was more than twice control levels at 30 min (intermediate time points were not obtained). In evaluating these differences, we emphasized that the two agents act at different sites. Phorbol esters like PMA bypass phosphatidylinositol metabolism and activate protein kinase C directly. PLC, on the other hand, breaks down-phosphatidylinositol 4,5-bisphosphate into its two components, diacylglycerol, which activates protein kinase C and stimulates PTH release, and inositol 1,4,5-triphosphate, which increases intracellular calcium and could inhibit PTH secretion. Thus, the competing effects of diacylglycerol and inositol 1,4,5-triphosphate could alter markedly the kinetics of PTH release. Further- more, the PLC used was a bacterial enzyme, which probably differs from the endogenous enzyme, and PLC could also alter secretion through its effects on the membrane. The main goal of these experiments was to show that PLC activated protein kinase C.
Low levels of calcium, a rapid physiological stimulator of PTH secretion (1), caused a rapid and striking increase (5-to 6-fold) in protein kinase C activity. In sharp contrast, exposure to high extracellular calcium levels markedly decreased the amount of enzyme associated with the cellular particulate fraction. The range of enzyme activity from lowand high-calcium treatment varied between 100-and 120-fold. This result supports the hypothesis that decreased extracellular calcium concentration results (through a mechanism still to be determined) in marked enzyme activation within a few minutes followed by hormone secretion. Maximal increase in enzyme activity was reached within 2-3 min followed by a decrease (data not shown). The rapid response to extracellular calcium concentration was consistent with the action of extracellular calcium on phospholipid hydrolysis in parathyroid cells. In preliminary experiments, increased calcium concentration decreased cellular diacylglycerol in parathyroid cells (18) .
Diacylglycerol lowers the calcium requirement for activation of protein kinase C in other systems (19, 20) . Even when the cytosolic calcium level is reduced, at extracellular low calcium concentrations in the parathyroid, protein kinase C is activated markedly in the presence of phospholipid and diacylglycerol; production of diacylglycerol alone may be sufficient to activate protein kinase C associated with cell membranes. Recent fluorescent studies of the parathyroid (21) using quin-2 and fura-2 showed that secretion of PTH could still be inhibited by divalent cations when both transient and steady-state changes in cytosolic calcium were buffered, suggesting that intracellular calcium is not the essential factor regulating secretion in parathyroid cells. It is highly unlikely that a brief and transient rise in intracellular calcium alone can activate protein kinase C in parathyroid cells. In addition, there is evidence that exogenous diacylglycerol activates protein kinase C in intact platelets (14) even though cytoplasmic free calcium concentration is unchanged (22) . Inositol 1,4,5-triphosphate, which regulates intracellular calcium level in some systems (23) , could play a physiologic role in the regulation of PTH release (24) , but its role in the parathyroid is undetermined. Another mediator, possibly diacylglycerol, might. be required to induce this response. How long protein phosphorylation, once triggered by activation of protein kinase C, persists is unclear. Phosphorylation of proteins in some systems has been related to hormone secretion or synthesis (25) . We previously reported that phosphorylation of parathyroid secretory protein was inversely proportional to calcium concentration (26) , suggesting that this protein could be a substrate for protein kinase C. Finally, there is evidence that protein kinase C systems are linked through guanine nucleotide regulatory proteins (G proteins) to membrane receptors (27) . In a recent study, Fitzpatrick et al. (28) showed that pertussis toxin (which inactivates G proteins) prevents inhibition by calcium of PTH release.
Recent studies using permeabilized cells suggest that calcium actually triggers hormone secretion in the parathyroid gland, exactly like other endocrine tissues such as the adrenal medulla and beta cell (29) . On the other hand, extracellular calcium is well established as an inhibitor of PITH release (1) . Possibly then, regulation by calcium at the level of the plasma membrane, rather than the cytoplasm, identifies the parathyroid as a uniquely controlled cell. Protein kinase C is largely a membrane enzyme, and we have shown that changes in extracellular calcium produce rapid and dramatic changes in particulate parathyroid protein kinase C activity. Such findings offer additional evidence for the concept of a calcium "receptor" on the surface of the parathyroid cell (21) .
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